Abstract: Jejunal mucosa injury and morphometric continuity of the intestinal epithelial basement membrane (BM) in experimental groups after 1 h and 6 h of reperfusion following intestinal heterotopic allotransplation in male Wistar rats were observed. Intestinal graft tissue was compared to the jejunum of recipients. Significant damage to the jejunal mucosa was detected and followed by complete intestinal villi destruction, damage to epithelial intestinal crypts and the surrounding lamina propria mucosae. There was a local interruption of BM continuity, as well as its absence in particular areas. The percentage of continuous, clearly visible and undamaged BM detected using the periodic acid and Schiff reagent (PAS) method was 22.4% in the graft samples taken 1 h after transplantation. In the same samples, 43.1% undamaged BM was visualised by silver impregnation. Disappearance of the BM was significant in comparison with recipient samples using both staining methods (both p < 0.001) Biopsies of the intestinal mucosa graft 6 h after transplantation showed significant reduction of the damage to the jejunal mucosa (p < 0.05 and p < 0.01, respectively). The percentage of continuous, clearly visible and undamaged PAS-positive BM was 54%, and argyrophilic BM rose to approximately 83%. The difference between BM continuity detected by PAS method was significant when comparing graft and recipient samples (p < 0.001), but impregnation method did not revealed significant distinction. Based on our results, the silver impregnation method seems to be more sensitive to damage assessment of the jejunal graft.
Introduction
Small intestine transplantation (SITx) is a remedy for patients suffering from irreversible intestinal failure, such as short bowel syndrome. In recent years, although efficient immunosuppressive agents have been introduced, the rejection rate of small intestinal grafts still reaches 50% (Ghanekar & Grant 2001) . Primary graft rejection and reperfusion damage involved in loss of small intestine function after transplantation are still major obstacles to SITx success (Guo et al. 2000; Carey et al. 2001; Farmer et al. 2002) . Intestinal homeostasis in healthy subjects is ensured by the intact intestinal barrier, capable of controlling the traffic of molecules in promoting influx of nutrients, while preventing penetration of luminal bacteria or toxins. The intestinal barrier is composed of a mucus layer (produced by goblet cells of the epithelium), a monolayer of epithelial cells resting on a well-formed basement membrane (BM), and the subepithelial connective tissue. The epithelial barrier system is mainly a physical barrier composed of a lining of epithelial cells connected by various types of junctions necessary for maintenance of intercellular adhesion (Spenlé et al. 2012) . The correct functioning of the intestine depends on the presence of the BM, a specialized extracellular matrix located underneath the epithelium. Besides its major functions in conferring mechanical stability and compartmentalization, the BM plays a crucial role in regulating cell behaviour (Yurchenco & Patton 2009 ). The most prominent components of the BM are laminins, type IV collagen, perlecan, nidogen/entactin, heparan sulphate proteoglycans and fibronectin (Mescher 2010; Spenlé et al 2012) . The BM is one of the primary targets of damage after preservation/reperfusion of the intestinal graft after SITx (Mueller et al. 1998; Platz et al. 2000; Wang & Li 2003) .
The aim of this study was to examine semiquantitative changes in graft mucosa and histological morphometry quantification of BM continuity after heterotopic allotransplantation of the small intestine in rats. Two different methods were used: histochemical peri-
Experimental design
Male Wistar rats (n = 24; 12 donors and 12 recipients) weighing between 250-350 g were used in the experiment. The animals were kept in standard conditions with control temperature and humidity. All animals were provided with standard chow and water ad libitum. Twelve hours before the operation they were given only water. After the graft harvest, the donor animals were killed by exsanguination. The recipients were randomly assigned to one of the experimental groups -group Tx1/R and group Tx6/R. The animals in group Tx1/R were sacrificed 1 hour after transplantation by exsanguination under general anaesthesia (as described above). The animals in group Tx6/R were sacrificed in the same manner 6 hours after transplantation. Recipients were randomly assigned to experimental groups Tx1/R with 1 hour survival and Tx6/R with 6 hours survival after transplantation.
Surgical procedure
The animals were anesthetized with intraperitoneal injection of ketamine 60-80 mg/kg (Narketan 10 inj. ad us. vet., Vétoquinol S.A., Lure Cedex, France), and xylazine 8-10 mg/kg (Xylariem inj. ad us. vet., Riemser Arzneimittel, Greifswald-Insel Riems, Germany). The harvest of jejunal graft and intestinal heterotopic allotransplantation was performed using a technique adapted from Baláž et al. (2003) . After dissection of the aorta, the jejunal graft in length 10 cm was kept in preservation solution (Infusio Ringeri R1/1, Infusia a.s., Hořátev, Czech Republic), 20 mL at 4
• C for 1 hour. Aorto-aortal and porto-caval anastomoses were performed using the end-to-side microsurgery technique. The oral end of the jejunal graft was occluded and the aboral end of the graft was reclaimed as jejunostomy. The transplanted graft was located in the abdominal cavity and during reperfusion the body wall was closed. Postoperative care included maintenance of body temperature by using a heating pad set to 37
• C until the animals fully recovered from anesthesia. All the animals were given intramusculary 1/3 of total doses of the anesthetic mixture 1 hour after transplantation and 5% glucose in water (KabiPac for injection, Fresenius) orally.
Sampling and tissue specimen preparation After expiry of the reperfusion period, the animals were sacrificed. Small intestine samples of recipient animals (R) 1-2 cm long were taken 10 cm from the Trietz ligament, washed with cold saline and fixed in 4% p-formaldehyde. Similar samples of the graft (G) from the same animal were taken and processed in the same way. The tissues were then embedded in paraffin, cut into 4-5 µm sections and mounted. After deparaffinization, the tissues were stained using the staining methods described below.
Histopathological analysis
For Masson blue trichrome staining (MBT) 1% of Weigert hematoxylin, 1% solution of phosphomolybdene acid, aniline blue and 1% water solution of ice-cold acetic acid were used (Vacek 1995) . Masson trichrome stained cell nuclei dark blue, cytoplasm and smooth muscle cells were stained red, whilst collagen fibres and mucus were stained blue. Trichrome staining was used for complete evaluation of jejunal damage according to the score system: 0 -norm (no pathological defects), 1 -intestinal villi epithelia damage (swelling, vacuolation, progressive epithelial lifting from BM particularly at the villus tip), 2 -intestinal villi epithelia and lamina propria damage (local necrosis of the epithelium, apical villi denudation, dystrophy of connective tissue in villi, capillary dilatation, epithelial detachment from BM at the villus base), 3 -damage of intestinal crypt epithelia and lamina propria (massive denudation with necrotic lesions and haemorrhages in middle region of villi), 4 -complete destruction of mucosa with damage to lamina muscularis mucosae (absence of villus tissue, higher basophilia and dystrophy of intestinal crypt epithelium, capillary dilatation and congestion, discontituity of lamina muscularis mucosae).
Histochemical analysis
For basement membrane detection the PAS reaction modified according to McManus was used (Čunderlíková & Balážová 1990 ). Fresh-made 1% solution of PAS were prepared for the PAS reaction. For further differentiation of cell nuclei Mayer hematoxylin staining was performed. BM, goblet cells and glycocalyx were stained magenta by PAS reaction, and cell nuclei were stained dark blue by Mayer's hematoxylin.
Silver impregnation method
Impregnation with methenamin silver solution was used for detection of reticular fibres and delicate bundles of collagen fibrils in the fibroreticular lamina of the BM. Reticular fibres and collagen fibrils appeared black, whilst the background was yellowish in colour. Deparaffined sections were oxidized with 0.5% periodic acid and they were subsequently impregnated with methenamin silver solution. For the preparation of methenamin silver solution urothropine, 5% aqueous solution of silver nitrate and 5% solution of borax (sodium borate) were used. Silver ions from the methamine silver complex are bound to the components of BM and then reduced to visible metallic silver by the aldehyde groups (argyrophilia).
Morphometrical analysis
Morphometry was performed using an Olympus BX50 light microscope with Olympus Camera SP350 (Olympus, Tokyo, Japan) and QuickPHOTO Industrial 2.3 image analyzer software (Promicra, Prague, Czech Republic). The BM length/continuity (PAS-positive and argyrophilic structure) was measured in 10 axially-oriented villi and crypts (from intestinal crypt base to tip of villi) in at least three different quadrants of each intestinal sample. Morphometrical results were expressed as percentages of BM continuity in comparison with the total original length. All measurements were done using magnification ×1,000. 
Data analysis
The statistical analysis was performed using GraphPad InStat version 3.01 (GraphPad Software, San Diego, CA). The quantitative results were determined using the oneway ANOVA with a multiple-comparison Tukey-Kramer post hoc test. The semiquantitative results were determined using Kruskal-Wallis non-parametric ANOVA with a multiple-comparison non-parametric Dunn's test. The results were expressed as mean (M) ± standard error of the mean (SEM). P values less than 0.05 were considered significant.
Results

Evaluation of jejunal mucosa damage
The graft jejunal samples 1 h after transplantation showed major mucosal injury (Tx1/G = 2.83 ± 0.18, vs. Tx1/R; p < 0.01). Massive jejunal graft desctruction connected with lamina propria disintegration was observed in both villous and crypt compartments (Fig. 1A, Fig. 2 ). Local presence of transmucosal haemorrhages and infarcts were found. Biopsy samples of jejunal grafts 6 h after transplantation revealed lower injury of jejunal mucosa (Tx6/G = 2.12 ± 0.57) with no significant signs of mucosal damage. Subepithelial swelling occurred in the apical region of intestinal villi (Fig. 1B) . Intestinal villi were lined with lower simple cuboidal epithelium (Fig. 3A,B) . Minor morphological changes in the epithelial lining and the lamina propria in the apical part of intestinal villi (Tx1/R = 0.83 ± 0.39, Tx6/R = 0.67 ± 0.44) were present in biopsies 1 h (Fig. 1C ) and 6 h (Fig. 1D,  Fig. 4 ) after transplantation in recipient samples.
Morphometric evaluation of basement membrane continuity in jejunal mucosa PAS-method. The percentage of BM continuity detected using the PAS method (Table 1 , Fig. 5 ) in grafts 1 h after transplantation ( Fig. 2A) was significantly lower than in recipients (Tx1/G vs. Tx1/R; p < 0.001). Significant increase in percentage of BM continuity in grafts was detected 6 h after transplantation (Tx1/G vs. Tx6/G; p < 0.05; Fig. 3B ) in comparison with the previous reperfusion period. In spite of that, the BM continuity of graft samples was significantly lower than in recipient biopsies 6 h after transplantation (p < 0.001).
Silver impregnation method. The percentage of BM continuity detected through silver impregnation (Table 1, Fig. 5 ) in grafts 1 h after transplantation was significantly lower than in recipients (Tx1/G vs. Tx1/R; p < 0.001; Fig. 2B ). Significant increase in percentage of present BM in grafts was detected 6 h after transplantation (Tx1/G vs. Tx6/G; p < 0.01; Fig. 3A ,C) in comparison with the previous reperfusion period. In contrast to previous histochemical PAS method, difference between BM continuity of graft samples in comparison with recipient 6 h after transplantation was not significant. Fig. 2 . Comparison of the percentage of BM continuity detected using the PAS method and BM continuity detected using silver impregnation in grafts and recipients after transplantation (*** p < 0.001, Tx1/G vs. Tx1/R, Tx6/G; Tx6/G vs. Tx6/R). 
Discussion
The primary histopathological effects of ischemiareperfusion injury and acute phase rejection in small intestine transplantation are endothelial and epithelial cell damage and BM discontinuity (Mueller et al. 1998; Platz et al. 2000; Wang & Li 2003) . According to our research and histopathological scoring system used in je- junal grafts, significant injury of intestinal mucosa was present in the group surviving 1 h after transplantation. The highest degree of lining epithelia injury corresponded with the highest discontinuity and even the loss of BM. In the intestinal biopsies 1 h after transplantation the percentage of continuous undamaged BM detected using the PAS method was about 22.4%, and that detected through silver impregnation was up to 43.1%, what represents increase more than 90%. Silver impregnation is therefore a more sensitive method for BM visualisation. This hypothesis was confirmed by the results found 6 h after transplantation, since the difference between graft and recipient BM continuity found by impregnation method was minimal, although the same difference detected by PAS method still revealed high significance (p < 0.001).
The BM is not homogeneous, but is divided in to three zones: lamina rara (lucida), lamina densa and lamina reticularis (fibroreticularis). Individual zones are visible exclusively under electron microscope. The different sensitivity of staining methods for visualisation of BM under light microscope is caused by different staining ability of the components present within individual zones. The lamina lucida is adjacent to the epithelial lining cells and is composed mainly of carbohydrate complexes having strong affinity to the PAS histochemical method (Bancroft & Gamble 2008) . The lamina densa is composed of a feltwork of type IV collagen microfibrils and lesser amount of type V collagen. Type IV collagen is associated with relatively large amounts of structural glycoproteins (laminin, fibronectin) and small amount of proteoglycans, principally heparan sul- phate. The lamina lucida and lamina densa together form the basal lamina, which is produced by epithelial cells. The lamina reticularis is a layer containing fibrous elements, which are continuous with underlying connective tissue fibres. Lamina reticularis belongs to the connective tissue and is not a product of the epithelium. The anchoring fibrils of collagen type VII extend from lamina densa which entrap collagen type III (reticular) fibres produced by connective tissue cells (Ross & Pawlina 2011) . The reticular lamina is regarded as a component that reacts with silver, whereas the polysaccharides of the basal lamina and the ground substance associated with the reticular fibres are thought to be the components stained with the PAS reaction. In our experiment, BM showed lower degree of discontinuity detected by silver impregnation than by PAS method both in grafts 1 h and 6 h after transplantation. According to our hypothesis the reticular fibres are more resistant to the transplantation injury and this could be due to silver impregnation higher sensitivity. The epithelial lining was completely destroyed in the region of villi and the continuous BM was present only at the intestinal crypts 1 h after transplantation. Together with the epithelial cells, the basal lamina was probably destroyed and PAS positive components were lost. In any case, the PAS reaction as simpler and less expensive method is applicable in daily routine.
As regards morphological changes in BM, thinning, continuity disorder, local thickening and even splitting of BM can occur. These malformations are not specific for any particular disease, but in the context of other clinical and pathological findings they are often of diagnostic significance (Kapeller & Strakele 1999; Van Agtmael & Bruckener-Tuderman 2010) . There is no evidence about the BM integrity in the intestinal grafts, but we suppose that evaluation of that could improve the sensitivity of the detection and prognosis of graft viability. The biologically-active glycoprotein laminin is one of the most abundant components of the endothelial and intestinal epithelial BM (Abrahamson & Caulfield 1985; Martin & Timpl 1987; Grant et al. 1989) . During reperfusion, laminin probably actively regulates polymorphonuclears, making them adhere and chemotactically migrate to the villus epithelium. Reactive oxygen radicals and various proteases released from polymorphonuclears decompose the epithelial BM, and meanwhile reperfusion injury damages the ability of epithelial cells to synthesize and release laminin. In our previous study (Tóth et al. 2013) , myeloperoxidasepositive cells number increased significantly in the graft mucosa 1 h after transplantation in comparison with recipients. Tissue myeloperoxidase activity is one of the earliest consequences of neutrophil inflammation (Nauseef 2007) and thus the its increase after transplantation affirms presence of increased polymorphonuclears number. This means that more damage and less pro-duction of important components of the BM result in the morphological collapse of the epithelial BM (Wang & Li 2003) . We found by the silver impregnation staining that 6 h after transplantation the difference between graft and recipient BM continuity was not significant, although by less sensitive PAS reaction the continuity of graft BM remained significantly reduced. The increase in BM continuity is contributed probably by villous contraction, which minimizes the denuded surface area (Moore et al. 1989 ) and forms one of the important defence mechanisms. This finding confirms our previous study (Jonecová et al. 2014) , where the significantly higher cellular density in lamina propria of the graft mucosa comparing to the recipient 6 h after transplantation was found, although the mitotic activity of the connective tissue cells was not significantly affected and the villus height significantly decreased. Villous contraction is believed to arise from an underlying network of communicating smooth muscle cells and contractile myofibroblasts within the villous lamina propria (Blikslager et al. 2007) . Immediate contraction, which is commensurate with mucosal injury, is energy dependent, mediated by enteric nerves, and necessary for optimal epithelial repair (Moore et al. 1989) . The reduction in BM continuity could be involved in significant suppression of mitotic activity and nuclear DNA repair in the intestinal epithelial cells of the graft 1 h after transplantation (Jonecová et al. 2014 ), but the elucidation of the mechanism for this phenomenon needs further investigation.
Conclusion
The significant damage to the jejunal mucosa graft 1 h after transplantation was characterized by destruction and even total degradation of intestinal villi architecture. The crypt epithelium, surrounding connective tissue and lamina muscularis mucosae were affected. Morphometric damage to the BM, such as changes in BM continuity, breakage and even the local absence of BM were recorded using histochemical and impregnation methods. Disappearance of BM in grafts was significant in comparison with recipient samples using both staining methods (both p < 0.001) Biopsies of the intestinal mucosa graft 6 h after transplantation showed significant reduction of the damage to the jejunal mucosa (p < 0.05 and p < 0.01, respectively). The percentage of continuous, clearly visible and undamaged PAS-positive BM was 54%, and argyrophilic BM rose to approximately 83%. The difference between BM continuity detected by PAS method was significant when comparing graft and recipient samples (p < 0.001), but impregnation method did not revealed significant distinction. Based on our results, the silver impregnation method seems to be more sensitive to damage assessment of the jejunal graft. The reduction of BM in the jejunal graft is a complex multifactorial effect of acute ischemia-reperfusion injury. The silver impregnation method gives more precise and relevant results than the PAS method in observing BM structure. Determination of biochemical and morphological parameters of the BM and underlying extracellular matrix can significantly improve intestinal graft biopsy monitoring after SITx.
